MacPherson RE, Dragos SM, Ramos S, Sutton C, FrendoCumbo S, Castellani L, Watt MJ, Perry CG, Mutch DM, Wright DC. Reduced ATGL-mediated lipolysis attenuates ␤-adrenergic-induced AMPK signaling, but not the induction of PKAtargeted genes, in adipocytes and adipose tissue.
phosphorylation of AMPK were reduced in adipose tissue from whole body ATGL-deficient mice. Despite reductions in the activation of AMPK, the induction of PKA-targeted genes was intact or, in some cases, increased. Similarly, markers of mitochondrial content and respiration were increased in adipose tissue from ATGL knockout mice independent of changes in the Thr 172 phosphorylation of AMPK. Taken together, our data provide evidence that AMPK is not required for the regulation of adipose tissue oxidative capacity in conditions of reduced fatty acid release.
5=-AMP-activated protein kinase; white adipose tissue; lipolysis; mouse; adipose tissue triglyceride lipase; mitochondria ADIPOSE TISSUE is an active metabolic organ that is intimately involved in the regulation of whole body glucose and lipid metabolism (26) . Lipolysis is the primary function of adipose tissue, and the released fatty acids are important metabolic substrates, particularly in conditions of limited nutrient availability, such as fasting or prolonged exercise. Adipose tissue lipolysis is mediated through the sequential removal of fatty acids from the glycerol backbone of triacylglycerol by adipose tissue triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and monoglyceride lipase (21) , respectively. After lipolysis, the liberated fatty acids are oxidized in mitochondria within the adipocyte, released into the circulation to be used by peripheral tissues, or reesterified to triacylglycerol (35) . Absolute rates of fatty acid reesterification increase in proportion to lipolysis (31) , and the reesterification of fatty acids has been reported to be the largest consumer of ATP in adipocytes (25) . It has been demonstrated that ␤-adrenergic stimulation activates the energy-sensing enzyme 5=-AMP-activated protein kinase (AMPK) in adipose tissue (11) and isolated adipocytes (7) and that attenuation of fatty acid release or reesterification can blunt the activation of AMPK in fat cells (7) .
AMPK is a ubiquitously expressed enzyme that has been extensively examined in skeletal muscle for its roles in the regulation of fatty acid oxidation (19) , glucose transport (20) , insulin sensitivity (10) , and mitochondrial biogenesis (12) , among others. While AMPK has been less studied in adipose tissue, accumulating evidence suggests that AMPK could be involved in the regulation of adipose tissue mitochondrial enzyme content. For instance, reductions in adipose tissue mitochondrial proteins are associated with decreases in AMPK content and activity in aged mice, perhaps secondary to reductions in lipolysis and fatty acid reesterification (17) . Additionally, exercise training-induced increases in fatty acid oxidation and the protein content of the transcriptional coactivator and master regulator of mitochondrial biogenesis peroxisome proliferator-activated receptor-␥ coactivator-1␣ (PGC-1␣) are accompanied by increases in Thr 172 phosphorylation of AMPK in rat adipocytes (38) . Furthermore, long-term treatment with the nonspecific AMPK agonist 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) leads to increased expression of mitochondrial genes in rat adipocytes in conjunction with increased expression of enzymes involved in lipolysis and fatty acid reesterification (4). Lastly, mitochondrial proteins are reduced, and the ability of the ␤ 3 -adrenergic agonist CL 316,243 to induce PGC-1␣ is attenuated in adipose tissue from AMPK␤1 knockout (KO) mice (33) .
While the above-mentioned findings provide evidence that lipolysis and, presumably, by extension, AMPK are important signals that can increase adipose tissue oxidative capacity, recent work has indirectly challenged this view. Mottillo and Granneman (18) showed that acute treatment of 3T3-L1 adipocytes with CL 316,243 increased the expression of PKAtargeted genes, including PGC-1␣, uncoupling protein 1 (UCP-1), and neuron-derived orphan receptor 1 (NOR1), and that reducing fatty acid release via the pharmacological inhibition of HSL or knockdown of ATGL potentiated the expression of these genes. They further demonstrated that the inhibition of HSL led to a greater induction of mitochondrial enzyme expression in white adipose tissue following prolonged (5 days) treatment with CL 316,243. Unfortunately, indexes of AMPK signaling were not reported in this investigation.
These recent findings are difficult to reconcile with the AMPK literature, as decreasing fatty acid release would be expected to reduce the activation of AMPK, either secondary to decreases in fatty acid reesterification (7) or, perhaps, as has been reported in muscle cells (36) , through a diminished ability of fatty acids to directly activate AMPK. In turn, reductions in fatty acid release would be hypothesized to inhibit, not potentiate, the induction of oxidative genes. Viewed together, these findings would question the role of lipolysis in activating AMPK signaling and/or regulating adipose tissue oxidative capacity. The purpose of the current investigation was to reexamine the role of lipolysis in activating AMPK and controlling the regulation of genes involved in oxidative metabolism. To accomplish this, we attenuated CL 316,243-mediated lipolysis using the recently characterized ATGL inhibitor ATGListatin (16) in 3T3-L1 adipocytes and complemented these experiments in vivo using ATGL KO mice. Animals. Nine-to 10-wk-old male wild-type (WT, C57BL6/J) and ATGL KO (B6;129P2-Pnpla2 tm1Rze /J) mice were purchased from Jackson Laboratory (Bar Harbor, ME) and housed in individual cages, with a 12:12-h light-dark cycle and ad libitum access to water and standard rodent chow. All experimental procedures were approved by the University of Guelph Animal Care Committee and followed Canadian Council on Animal Care guidelines.
MATERIALS AND METHODS

Materials
Glucose tolerance tests. After a 5-h fast, mice underwent an intraperitoneal glucose tolerance test. Mice were injected with glucose (2 g/kg body wt ip), and blood glucose was assessed at 0, 15, 30, 45, 90, and 120 min postinjection by tail vein sampling using a hand-held glucometer (Freestyle Lite, Abbott Diabetes Care, Alameda, CA). Changes in glucose over time were plotted, and the area under the curve was calculated.
Acute insulin treatment. Mice were anesthetized with pentobarbital sodium (5 mg/100 g body wt ip), and epididymal adipose tissue was removed from the left side of the animal. The "pre" samples, in addition to being used to measure AKT phosphorylation, were used to determine mitochondrial marker proteins, PKA and AMPK signaling, and adipose tissue respiration. Mice were then injected with a weightadjusted bolus of insulin (10 U/kg body wt ip), and the contralateral fat depots were harvested 15 min later.
Acute CL 316,243 treatment. Mice were injected with a weightadjusted bolus of the ␤ 3-adrenergic agonist CL 316,243 (1 mg/kg body wt ip). At 30 min postinjection, mice were anesthetized and adipose tissue was harvested.
Cell culture experiments. 3T3-L1 adipocytes were cultured in 5% CO 2 and 100% humidity at 37°C. Cells were maintained in basic medium, which consisted of Dulbecco's modified Eagle's medium supplemented with 1% penicillin-streptomycin and 5% heat-inactivated FBS. ATGListatin was diluted in DMSO and CL 316,243 was diluted in water to create 10 mM stock solutions. Final working concentrations of 10 M ATGListatin and CL 316,243 were used in all adipocyte experiments. The concentration of ATGListatin was selected on the basis of dose-response experiments to identify the dose that maximized the inhibition of fatty acid release while avoiding cell toxicity. Cells were seeded at a density of 6.0 ϫ 10 4 cells per well in six-well plates. Differentiation was induced at day 0 (i.e., 2 days after confluence) with a standardized differentiation cocktail consisting of IBMX (0.5 mM), dexamethasone (1 M), and human insulin (5 g/ml) in basic medium. After 3 days, differentiation medium was removed, and for the duration of the experiment, cells were cultured in maintenance medium, which consisted of basic medium supplemented with human insulin (5 g/ml). Maintenance medium was changed every 2 days. On day 9, maintenance medium was removed, and serum-free maintenance medium with 2% BSA was added for ϳ12 h. On day 10, fresh serum-free maintenance medium containing 2% BSA and either ATGListatin (10 M) or DMSO (i.e., the control condition) was added for 8 h. After 8 h, CL 316,243 (10 M) was added for an additional 2 h. After a total of 10 h of treatment, the medium was collected and the cells were lysed for RNA and protein analyses. All sample extractions were performed on day 10. The aforementioned experiments were replicated several times at different passage numbers to ensure that results were not due to passage number. A total of six technical replicates were collected per treatment condition.
Total RNA and protein were extracted from adipocytes using the RNeasy Mini Kit (Qiagen, Mississauga, ON, Canada) and a modified acetone precipitation protocol, as previously described (24) . Briefly, after samples were spun through an RNeasy spin column, four parts acetone was added to the flow-through. The column was retained for standard RNA extraction, and the flow-through was incubated for Ն30 min at Ϫ20°C before centrifugation at 13,000 rpm for 10 min. The protein pellet was dried and resuspended in 10% SDS. Medium, RNA, and protein were stored at Ϫ80°C before all analyses.
Western blotting. Protein was extracted from adipose tissue or adipocytes and quantified as described previously (2, 23) . Equal amounts of protein were separated on SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. The membranes were stained with Ponceau S to visualize equal loading, blocked with 5% powdered nonfat milk in Tris-buffered saline-Tween 20 (TBST) for 1 h, and then incubated at 4°C overnight with primary antibodies. On the following day, membranes were incubated with secondary antibodies (Jackson Immuno-Research Laboratories) diluted in TBST-1% nonfat dry milk for 1 h at room temperature. Signals were detected using enhanced chemiluminesence and subsequently quantified by densitometry using a FluorChem HD imaging system (Alpha Innotech, Santa Clara, CA). The phosphorylated signal was expressed relative to total protein, and mitochondrial protein content was expressed relative to ␤-actin.
Real-time RT-PCR. RNA was isolated from adipose tissue (2) or adipocytes (22), as we have described in detail previously (2, 22) . cDNA was synthesized from 1 g of RNA using SuperScript II Reverse Transcriptase, dNTP, and oligo(dT). Real-time PCR was employed to assess changes in the mRNA expression of Pgc-1␣, Ucp-1, and Nor-1 using a 7500 Fast Real-Time PCR system (Applied Biosytems), as described previously (2) . Gapdh was used as an endogenous control, and relative differences between groups were determined using the cycle threshold (2Ϫ⌬⌬C T) method (14) .
Adipose tissue respiration. High-resolution O2 consumption measurements were conducted in 2 ml of MiRO5 using the Oxygraph-2k (OROBOROS Instruments, Innsbruck, Austria), as described previously (32) . Approximately 40 -50 mg of epididymal adipose tissue were removed from WT and ATGL KO mice, minced with scissors in MiRO5 (ϳ30 s), quickly weighed, and then placed in an Oxygraph-2k reaction chamber. Samples were incubated in the chamber during stirring at 750 rpm (37°C) for ϳ10 min before initiation of the respirometric protocols. Pyruvate (5 mM) and malate (2 mM) were added as complex I substrates (state 2 respiration), and submaximal ADP (100 M, 500 M, and 1 mM) was titrated. All experiments were completed before O 2 concentration in the medium reached 100 M, which is above the threshold of O2 limitation we have observed for state 3 respiration in adipose tissue (ϳ60 -80 M; unpublished observations). Polarographic O2 was measured in 2-s intervals, with the rate of respiration derived from 40 data points, and expressed as picomoles per second per microgram of protein.
Determination of NEFA and glycerol concentrations. NEFA and glycerol concentrations in the culture medium were determined using commercially available kits, as we have described in detail previously (15) .
Statistical analysis. Values are means Ϯ SE. Differences between two groups were analyzed using an unpaired two-tailed t-test or ANOVA followed by least significant difference post hoc analysis. Statistical significance was set at P Ͻ 0.05.
RESULTS
Inhibition of lipolysis attenuates the activation of AMPK, but not the induction of PKA-targeted genes, in 3T3-L1 adipocytes.
Previous work suggested that ␤-adrenergic-mediated activation of AMPK in adipocytes occurs secondary to the release of fatty acids (7). To examine this relationship, we treated 3T3-L1 adipocytes with the recently characterized ATGL inhibitor ATGListatin (16) and assessed alterations in lipolysis by measuring the accumulation of fatty acids and glycerol in culture medium. These end points, while not exact measures of lipolytic flux, are widely used in studies examining the regulation of adipocyte metabolism (3, 7, 18) and can be used as an index of lipolysis (39) . As shown in Fig. 1 (Fig. 1, B and C) was intact in ATGListatin-treated cells. Total HSL remained unchanged. CL 316,243 treatment increased the phosphorylation of AMPK on Thr 172 and its downstream substrate ACC; however, these increases were absent in cells treated with ATGListatin (Fig. 1, C and D) .
We previously provided evidence for a role of AMPK in mediating, in part, the effects of CL 316,243 on the induction of PGC-1␣ (33) . Given this and the fact that AMPK signaling was attenuated in conditions of reduced lipolysis, we next examined the effects of ATGListatin on genes that are induced following ␤-adrenergic receptor activation. Our focus was on genes that are rapidly increased by ␤ 3 -adrenergic agonists, including PGC-1␣, UCP-1, and NOR1 (18) . CL 316,243-mediated increases in PGC-1␣ and NOR1 were similar (Fig. 1,  E and G) , while the induction of UCP-1 was potentiated (Fig.  1F ) in 3T3-L1 adipocytes treated with ATGListatin compared with those treated with CL 316,243 alone.
CL 316,243-mediated activation of AMPK signaling, but not the induction of PKA-targeted genes, is attenuated in adipose tissue from ATGL KO mice. Our data in 3T3-L1 adipocytes provide evidence that the inhibition of fatty acid release prevents the CL 316,243-mediated activation of AMPK; yet, surprisingly, this is not associated with an abrogation of CL 316,243-mediated increases in the induction of PGC-1␣, UCP-1, and NOR1. To extend this to an in vivo model, we examined these responses in whole body ATGL KO mice. ATGL KO mice develop marked cardiac fibrosis and triacylglycerol accumulation, which are associated with cardiac dysfunction and premature death (starting at ϳ14 wk of age) (8) . Given their short lifespan, mice were studied at 9 -10 wk of age. To examine the in vivo relationship between markers of lipolysis and AMPK, mice were injected with CL 316,243 (1.0 mg/kg body wt) or an equivalent volume of sterile saline and tissue was harvested 30 min later. CL 316,243 increased plasma free fatty acids ϳ2.5-fold in WT mice, while this increase was completely absent in ATGL KO mice (2.45 Ϯ 0.22 and 1.14 Ϯ 0.09-fold increase in WT and ATGL KO mice, respectively, P Ͻ 0.05). These data have been reported previously as absolute values in these same mice (15) . Under CL 316,243-stimulated conditions, serum glycerol concentrations were reduced (P Ͻ 0.05) in ATGL KO compared with WT mice (0.70 Ϯ 0.03 and 1.03 Ϯ 0.03 mM, respectively, n ϭ 5/group). Consistent with our results using cultured adipocytes, CL 316,243 increased Thr 172 phosphorylation of AMPK, while the inhibition of lipolysis attenuated this change (Fig. 2, A and  B) . To assess a downstream readout of AMPK signaling, we measured changes in the phosphorylation of HSL on Ser 565 , an AMPK phosphorylation site (6) . ACC phosphorylation was not measured, as total ACC protein content was different between genotypes (data not shown). As shown in Fig. 2, A and B (Fig. 2, A and B) . Despite reductions in Thr 172 phosphorylation of AMPK, the induction of PKA target genes was not reduced and, in fact, UCP-1 and PGC-1␣ mRNA expression under CL 316,243-treated conditions was increased in adipose tissue from ATGL KO compared with WT mice (Fig. 2C , note that we did not have tissue from saline-treated mice for mRNA analysis).
Mitochondrial protein content and respiration are increased in adipose tissue from ATGL KO mice. Lipolysis is reduced in ATGL-deficient mice (8), and we rationalized that this would be a useful model to further examine the relationship between lipolysis and the regulation of adipose tissue oxidative capacity. Specifically, we were interested in determining if chronic reductions in lipolysis would be associated with changes in AMPK and adipose tissue mitochondrial content and respiration.
As alterations in adipose tissue mitochondrial content could be secondary to changes in whole body glucose homeostasis (29) and/or adipose tissue insulin action (9), we characterized the general metabolic phenotype of the ATGL KO mice. There were no significant differences in body weight or epididymal adipose tissue mass between genotypes (Table 1) . ATGL KO mice were more glucose-tolerant than WT controls (Fig. 3, A  and B) ; however, the insulin-induced phosphorylation of AKT on Thr 308 and Ser 473 was similar between genotypes (Fig. 3, C  and D) . As we reported previously in these same mice (15) , circulating fatty acid levels were ϳ40% lower in ATGL KO than WT mice (0.40 Ϯ 0.01 vs. 0.67 Ϯ 0.03 mmol/l).
Markers of mitochondrial content such as cytochrome c oxidase IV, citrate synthase, CORE1, pyruvate dehydrogenase, and heat shock protein 60, were increased by ϳ30 -100% in epididymal adipose tissue from ATGL KO compared with WT mice (Fig. 4A) . Similar, although less robust, differences were evident in the inguinal subcutaneous adipose tissue (data not shown). To determine if changes in mitochondrial protein content coincided with functional alterations in mitochondria, we assessed adipose tissue respiration using high-resolution O 2 consumption measurements. Adipose tissue respiration was measured in the presence of pyruvate and malate (state 2 respiration) and increasing concentrations of ADP (state 3 respiration). As shown in Fig. 4B , pyruvate-, malate-, and ADP (100 M)-supported respiration was increased in epididymal adipose tissue from ATGL KO mice. Increases in markers of mitochondrial content and respiration in adipose tissue from ATGL KO mice were not associated with differences in the Thr 172 phosphorylation of AMPK or in indexes of PKA signaling, such as HSL and ERK phosphorylation (Fig. 4C) . 
DISCUSSION
There is a tight coupling between lipolysis and reesterification, with absolute increases in these processes mirroring each other (31) . The reesterification of fatty acids is energetically demanding and links increases in lipolysis to the activation of AMPK (7), an enzyme that has been reported to control the regulation of PGC-1␣ and mitochondrial biogenesis in adipose tissue (33) and the expression of UCP-1 in white adipocytes (30, 34) . For this reason, it is surprising that attenuation of fatty acid release during acute ␤-adrenergic stimulation has been reported to potentiate the induction of PGC-1␣ and other PKA-targeted genes such as UCP-1 and NOR1 (18) . To address these apparent discordant findings, we analyzed the relationship between indexes of lipolysis, AMPK activity, and the induction of PGC-1␣, UCP-1, and NOR1 in two independent models. In both models, despite an attenuation of CL 316,243-mediated increases in Thr 172 phosphorylation of AMPK, increases in gene expression were intact or, in some instances, potentiated when lipolysis was reduced. Together, these findings provide evidence that, at least under conditions of reduced fatty acid release mediated by ATGL inhibition/ deletion, AMPK is not required for the ␤-adrenergic-mediated induction of PGC-1␣, UCP-1, and NOR1 gene expression. These findings help reconcile the apparent discrepant results in which the inhibition of ␤-adrenergic-stimulated fatty acid release was reported to attenuate the activation of AMPK (7) yet, as reported by others (18) , resulted in a potentiation of CL 316,243-mediated increases in gene expression. PKA-dependent mechanisms have been implicated in the regulation of genes involved in oxidative metabolism in adipocytes (13) . It has been argued that PKA activity is increased in conditions of reduced lipolysis and that this could explain the potentiated induction of oxidative genes (18) . In support of this contention, HSL phosphorylation is enhanced in adipose tissue from adipose tissue-specific ATGL-deficient mice after a 5-h fast (37) . Similarly, Mottillo and Granneman (18) reported that the inhibition of fatty acid release increases ␤-adrenergicstimulated increases in intracellular cAMP levels, suggesting that this could be a potential mechanism through which the suppression of lipolysis enhances the expression of PKAtargeted genes. However, indexes of PKA activation (i.e., HSL phosphorylation) were not specifically reported in this study. In contrast to these findings, in our experiments, the CL 316,243-induced phosphorylation of HSL on Ser 563 and Ser 660 , which are PKA phosphorylation sites (1), was unaffected in conditions of reduced fatty acid release (with the exception of Ser 563 phosphorylation of HSL in ATGL KO mice), suggesting that increases in PKA signaling are unlikely to explain the potentiated CL 316,243-induced increases in gene expression when fatty acid release is suppressed.
Evidence in both isolated adipose tissue and cultured adipocytes suggests that fatty acids can directly reduce the expression of genes involved in oxidative metabolism. For instance, we previously reported that palmitate treatment decreases the mRNA expression of PGC-1␣ and mitochondrial enzymes in cultured adipose tissue (29) . Similarly, PGC-1␣ (5) and UCP-1 (40) are reduced in 3T3-L1 adipocytes following treatment with fatty acids. Given these results and the observation that PKA activation did not appear to be consistently elevated in conditions of reduced lipolysis, it is possible that the restriction of fatty acid release under conditions of ␤-adrenergic stimulation relieves a direct, PKA-independent, inhibitory effect of fatty acids on the induction of PGC-1␣, UCP-1, and NOR1 expression that may mask reductions in the activation of AMPK.
Having demonstrated a disconnect between the induction of PGC-1␣ and the activation of AMPK, we extended these findings and examined markers of adipose tissue mitochondrial content and respiration in ATGL KO mice. A number of mitochondrial proteins were increased in the adipose tissue of ATGL KO compared with WT mice. Interestingly, despite reductions in circulating fatty acid levels, Thr 172 phosphorylation of AMPK was similar between genotypes. While previous studies show that free fatty acids can stimulate AMPK activity (36) , these findings suggest that reductions in adipose tissue lipolysis and circulating free fatty acid levels are not sufficient to reduce AMPK phosphorylation in adipose tissue of freemoving animals in the absence of large increases in ␤-adrenergic stimulation.
Our findings of increased mitochondrial proteins in adipose tissue from ATGL KO mice are consistent with previous work in HSL KO mice fed a high-fat diet (28) . However, as adipose tissue mitochondrial content can be influenced by the degree of adiposity (29) and given that the HSL KO mice were resistant to diet-induced obesity, differences in markers of adipose tissue mitochondrial content in HSL KO mice could be secondary to differences in adipose tissue mass; therefore, these particular findings should be interpreted cautiously. In contrast to our findings, the expression of mitochondrial genes [acylCoA oxidase 1 (Acox1) and carnitine palmitoyltransferase 1B (Cpt-1b)] were reduced in adipose tissue from adipose tissuespecific ATGL KO mice (27) . This discrepancy is not explained by differences in either glucose homeostasis or adipose tissue insulin signaling, as glucose tolerance was greater in both KO mouse models, likely due to reductions in circulating fatty acids (8) , while AKT phosphorylation was not significantly different between genotypes in either study. Regardless of the reasons for these discrepancies, our data suggest that the lifelong suppression of lipolysis results in increases in adipose tissue mitochondrial proteins and respiration and, consistent with our cell culture work, further demonstrate a dissociation between adipose tissue mitochondrial biogenesis and AMPK, at least under conditions of reduced fatty acid release.
In conclusion, we have provided evidence that inhibition of ATGL-mediated lipolysis attenuates ␤-adrenergic-stimulated increases in Thr 172 phosphorylation of AMPK while concurrently increasing the induction of PKA-targeted genes. We have further demonstrated that the lifelong deletion of ATGL results in increases in markers of mitochondrial content and respiration independent of changes in Thr 172 phosphorylation of AMPK. In contrast to recent work from our laboratory using AMPK␤1 Ϫ/Ϫ mice (33), the findings of the current investigation demonstrate that, at least under conditions of reduced fatty acid release, AMPK may not be essential for the regulation of adipose tissue oxidative metabolism. The results of the current study help reconcile discrepancies in the literature concerning the relationship between lipolysis, AMPK activation, and the induction of PKA target genes. 
